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Abstract 
Chlorophyll exists as chlorophyll-protein complexes in thylakoid membranes. The light-harvesting complexes of photosystem 
II (LHCII) and CP43/CP47 are the peripheral and core antenna, respectively, of the photosystem. Chlorophyll b exists in LHCII 
but not in the core antenna complex, suggesting that the LHCII level is closely related to the amount of chlorophyll b. The first 
step of the degradation of chlorophyll b is catalysed by chlorophyll b reductase (NYC1 and NOL). In this report, study found that 
the chlorophyll content was significantly lower and that the chlorophyll a/b ratio was higher in NOL over-expressing Arabidopsis 
thaliana plants than in wild type plants. Low temperature fluorescence spectra of the leaves and western blotting analysis 
revealed that photosystem II had a small antenna size in the NOL over-expressing plants. These results suggest that NOL is 
involved in the regulation of the antenna size of photosystem II. 
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1. Introduction 
Chlorophyll plays a central role in photosynthesis through harvesting light and thereby driving electron transfer 
and energy production1. Most chlorophyll exists as chlorophyll-protein complexes, which are located in the 
thylakoid membrane. Chlorophyll a is a component of both the core and the peripheral antenna complexes, whereas 
chlorophyll b only exists in the peripheral antenna complexes. The core antenna contains CP43/CP47 of 
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photosystem II (PSII) and the P700-chlorophyll a-protein complex of photosystem I (PSI). The peripheral antenna 
includes the light-harvesting complexes of photosystem II (LHCII)2–4. 
Chlorophyll b regulates the photosynthetic antenna size because the antenna size of PSII is determined by the 
amount of the core and peripheral antenna complexes5. The LHCII level has been reported to increase when 
chlorophyll b synthesis is enhanced by the addition of 5-aminolevulinic acid6. In contrast, the LHCII level has been 
shown to be extremely low in chlorophyll b deficient mutants7. The degradation of LHCII was not found to occur in 
rice nyc1 and nol mutants8 or in Arabidopsis nyc1 mutants9 in all of which the chlorophyll b level was high even 
during senescence. Taking these findings together, the amount of LHCII correlates well with the chlorophyll b level. 
This conclusion also indicates that the level of LHCII is not regulated by a protease or by the synthesis of 
apoproteins but rather by chlorophyll metabolism. In fact, when the chlorophyll b synthesis enzyme, chlorophyllide 
a oxygenase (CAO), is over-expressed, the amount of LHCII has been found to increase10. However, whether 
chlorophyll b reductase participates in regulating the antenna size in green leaves has not experimentally been 
shown. To address this issue, NOL in Arabidopsis is over-expressed and the levels of LHCII and chlorophyll b is 
examined, and thus the involvement of NOL is found in the regulation of the antenna size of PSII. 
2. Materials and methods 
2.1. Plant materials and growth conditions 
For NOL transformant, a full length cDNA of Arabidopsis NOL was introduced into the multicloning site of a 
pGreenII vector at SalI and NotI sites. The transgenes were driven by cauliflower mosaic virus 35S promoter. The 
construct was introduced into Agrobacterium tumefaciens (strain GV3101) and transformed into Arabidopsis 
through a floral dipping method. Homozygous NOL over-expressing transformants were screened by kanamycin. 
Arabidopsis thaliana WT (Columbia), and NOL/nol (NOL over-expression in NOL-deficient mutant) plants were 
grown at 25 °C under long-day conditions (16 h light/8 h dark) in chambers equipped with white fluorescent lamps 
at a light intensity of 80 μmol m-2 · s-1. Rosette leaves in different sites of plants were harvested. The plants were        
3 wk  to 4 wk old. 
2.2. Chlorophyll analysis 
The leaves were cut and their weights were measured. Then the leaves were ground in cold acetone stored at        
-20 °C using a Shake Master (Biomedical Science) whose grinding apparatus was pre-cooled in liquid nitrogen. The 
homogenates were centrifuged at 20 000 g for 10 min at 4 °C. The pigments were analysed by HPLC with a 
Symmetry C8 column (150 mm in length, 4.6 mm in inner diameter) (Waters) according to the method described by 
Zapata et al.11. Elution profiles were monitored by measuring the absorbance (SPD-10AV, Shimadzu). The 
chlorophyll content was quantified as the area of the chromatographic peak. 
2.3.  SDS-PAGE and western blotting analysis 
The leaf tissues were ground in liquid nitrogen and homogenized with extraction buffer (125 mM Tris-HCl      
(pH 6.8), 4 % (w/v) SDS, 10 % (w/v) sucrose, and 10 % (v/v) 2-mercaptoethanol). Ten microliters of extraction 
buffer was used for 1 mg of leaf tissue. An equal volume of sample buffer (50 mM Tris-HCl (pH 6.8), 2 mM EDTA, 
10 % (w/v) glycerol, 2 % SDS, and 6 % 2–mercaptoethanol) was added to the mixture. The sample was denatured at 
95 °C for 5 min, immediately cooled on ice, and then centrifuged at 20 000 g for 10 min at 4 °C. Six microliters (for 
the detection NOL) and 1 μL (for the detection of LHCII and CP43) of the supernatant were subjected to SDS-
PAGE and then transferred onto a polyvinylidene di-fluoride membrane (Hybond-P, GE-Healthcare). Anti-rabbit 
primary antibodies against NOL, LHCII9, and CP43 (Agrisera) were used for western blotting analysis. Anti-rabbit 
IgG linked to horseradish peroxidase (GE-Healthcare) was used as the secondary antibody. Both the primary and 
secondary antibodies were diluted with Can Get Signal (TOYOBO). The horseradish peroxidase activity was 
visualized using the Western Lightning Plus-ECL (PerkinElmer) chemiluminescence detection kit according to the 
manufacturers’ protocol. Chemiluminescence was detected using a LumiVision (Aisin). 
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Figure 1.Chlorophyll and protein characteristics in leaves of different ages. A, Phenotype of NOL transformants. Detached leaves 
were separated into old leaves, middle leaves and young leaves from the bottom to top in plants, respectively, of NOL/nol 
and WT plants in  3 wk  to 4 wk old. B, Western blotting analysis of NOL. Total proteins extracted from the leaves were 
subjected to SDS-PAGE, and the NOL proteins were detected using antibodies against NOL. C, Chlorophyll content and 
chlorophyll a/b ratio. Chlorophyll was extracted from the stage-matched leaves of NOL/nol and WT plants at different leaf 
stages and analyzed. Error bars represent  ± SD (n=3). 1, 2, and 3 represent the old leaves, middle leaves and young leaves, 
respectively.  
2.4.  Low temperature fluorescence measurement 
Leaves were put into the glass tube for fluorescence measurement and immediately frozen in liquid nitrogen. 
Fluorescence emission spectra were obtained at 77 K by using fluorescence spectrophotometer (F-2500, Hitachi). 
The wavelength of blue excitation light was 440 nm with slit width of 2.5 nm and emission was obtained through a 
slit width 2.5 nm with speed of 300 nm · s–1. Excitationspectrum was measured by monitoring at the 696 nm and 
737 nm fluorescence peak of PSII and PSI, respectively. 
3. Results and discussion 
3.1.  Effect of NOL over-expression on chlorophyll and chlorophyll-binding proteins 
To examine the impact of NOL on chlorophyll content, NOL was over-expressed in a nol mutant. Figure 1 shows 
a photograph of the plants before senescence. Interestingly, the old leaves of NOL over-expressing plants were pale 
green, whereas the young leaves were bright green (Figure 1A). In contrast, all leaves of the WT plant were green 
regardless of age. To examine whether the NOL and chlorophyll-binding protein levels changed depending on the 
leaf age, leaves of different ages were classified into three groups (young, middle and old leaves), and their protein 
levels were determined. Western blotting analyses showed that a large amount of NOL accumulated in the NOL 
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over–expressing plants compared with the WT plants (Figure 1B) and that NOL protein levels were not different 
among the leaves of different ages. NOL protein levels were also the same among leaves of different ages in the WT 
plants. 
Chlorophyll b levels were drastically decreased in the old leaves of the NOL over-expressing plants compared 
with those of the WT plants and significantly lower in the middle and young leaves (Figure 1C). The chlorophyll a/b 
ratios of the leaves of different developmental ages were all approximately three in the WT plants; in the NOL over-
expressing plants, however, the ratios were approximately eight in the old leaves and approximately five in the 
middle and young leaves. As previously reported, NOL is a chlorophyll b reductase enzyme that can catalyze the 
first step of the conversion of chlorophyll b to chlorophyll a9, 12. The low chlorophyll b content and high chlorophyll 
a/b ratio in the NOL over-expressing plants indicate that NOL induces a change in the antenna architecture. 
Despite leaves of different ages having the same NOL levels in the NOL over-expressing plants, the chlorophyll 
a/b ratio differed markedly depending on the age of the leaves, suggesting that the activity of NOL is regulated not 
only by the NOL protein level but also by unknown factors, such as NYC18 SGR13 or certain plant hormones14.  
Next, the levels of the LHCII and CP43 apoproteins in the WT and NOL over-expressing plants were compared. 
Western blotting analyses (Figure 2) showed that the LHCII apoprotein levels were similar in the leaves of different 
ages in the WT plants but were lower in the old leaves than in the middle and young leaves in the NOL over-
expressing plants. The CP43 apoprotein levels were similar in leaves of all ages in both the WT and the NOL over-
expressing plants. These differences are logical because CP43 has no chlorophyll b and, therefore, cannot be 
affected by NOL. 
3.2. Spectral changes in NOL over-expressing plants  
Chlorophyll b degradation alters the architecture of the chlorophyll-protein complexes. The architectural changes 
should be accompanied by changes in the fluorescence characteristics. The fluorescence spectra were measured 
under liquid nitrogen temperature. Figure 3 shows the fluorescence spectra of leaves normalized to the PSI 
fluorescence peak. The PSII fluorescence of the NOL over-expressing plants was lower than that of the WT plants, 
indicating that PSII contains a smaller amount of chlorophyll in the NOL over-expressing plants than the WT plants. 
Next, the excitation spectra monitored at the emission of PSI and PSII were measured. Excitation peaks were 
observed at approximately 435 nm and 465 nm, which correspond to chlorophyll a and chlorophyll b, respectively. 
In the NOL over-expressing plants, the excitation peak at 465 nm was lower than that at 435 nm, indicating that 
chlorophyll b levels decreased in the PSII antenna system. Western blotting analyses showed that LHCII levels 
decreased in NOL over-expressing plants compared with WT plants but that the core antenna did not change. These 
results clearly indicate that NOL can regulate the antenna size of PSII by decreasing the level of LHCII associated 
with PSII. 
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Figure 2.Changes of chlorophyll proteins. Total proteins extracted from the leaves were subjected to SDS-PAGE, and the 
             CP43 and LHCII proteins were detected by anti-CP43 and anti-LHCII antibodies, respectively.  
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A previous report suggested that chlorophyll b synthesis by CAO controls the level of LHCII10. Antenna size 
regulation by CAO might occur at the transcriptional and post-translational levels7,15. In addition to CAO, NOL 
participates in antenna size regulation by degrading LHCII. Collectively, the LHCII level is regulated by chlorophyll 
b synthesis by CAO and by chlorophyll b degradation by NOL, both of which might contribute to the fine-tuned 
regulation of the LHCII level. However, LHCII levels decreased, especially in old leaves, despite the same level of 
NOL protein being present in NOL over-expressing plants, which suggests that NOL activity is determined not only 
by the NOL protein level but also by unknown mechanisms. 
 
4. Conclusion 
This study obtained that NOL triggers the degradation of LHCII in plant cells, by studying plants that 
constitutively over-expressed NOL. Together with the degradation of chlorophyll b, the antenna size of PSII became 
smaller. Based on these findings, we conclude that NOL participates in the regulation of the antenna size of PSII. 
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Figure 3.Spectra of the low temperature chlorophyll fluorescence. The fluorescence spectra of leaves from WT and NOL/nol plants were 
              measured at a temperature of 77 K. The excitation wavelength was 440 nm. The excitation spectra were measured, and the  
             emission wavelength was 737 nm for PSI and 696 nm for PSII, respectively.  
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